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Summary
A refracting lens is a key component of our image-
forming camera eye; however, its evolutionary origin
is unknown because precursor structures appear ab-
sent in nonvertebrates [1]. The vertebrate -crystal-
lin genes encode abundant structural proteins critical
for the function of the lens [2]. We show that the uro-
chordate Ciona intestinalis, which split from the ver-
tebrate lineage before the evolution of the lens, has a
single gene coding for a single domain monomeric
-crystallin. The crystal structure of Ciona bg-crys-
tallin is very similar to that of a vertebrate -crystal-
lin domain, except for paired, occupied calcium bind-
ing sites. The Ciona bg-crystallin is only expressed in
the palps and in the otolith, the pigmented sister cell
of the light-sensing ocellus. The Ciona bg-crystallin
promoter region targeted expression to the visual
system, including lens, in transgenic Xenopus tad-
poles. We conclude that the vertebrate -crystallins
evolved from a single domain protein already ex-
pressed in the neuroectoderm of the prevertebrate
ancestor. The conservation of the regulatory hierar-
chy controlling -crystallin expression between or-
ganisms with and without a lens shows that the evo-
lutionary origin of the lens was based on co-option of
pre-existing regulatory circuits controlling the ex-
pression of a key structural gene in a primitive light-
sensing system.
Introduction
Most living vertebrates possess anterior paired eyes,
each with a lens. Although anterior photoreceptors are*Correspondence: sebastian.shimeld@zoo.ox.ac.ukknown to have evolved before the radiation of the major
lineages of bilaterally symmetrical animals [3, 4], the
vertebrate lens is a more recent innovation that evolved
in the vertebrate lineage. Indeed, the accurate vision
facilitated by the lens is one of the key adaptations pro-
posed to underlie the evolution of active predation by
ancestral vertebrates and the subsequent evolutionary
success of vertebrates themselves [5, 6]. The unique
structural properties of the lens are due to its very high
content of long-lived proteins, the crystallins. These de-
rive predominantly from two gene families, the α-crys-
tallin family and the βγ-crystallin family [2]. The struc-
ture of βγ-crystallins has been elucidated and found to
have derived from an ancestral protein domain that com-
prised two symmetrically organized Greek key motifs.
Results and Discussion
Vertebrates, together with invertebrate urochordates
such as the sea squirt Ciona intestinalis, compose phy-
lum Chordata. C. intestinalis larvae share a basic chor-
date body plan with vertebrates, including the posses-
sion of a notochord and dorsal neural tube in which
an anterior photoreceptor resides in a small brain [7].
Urochordates are, however, thought to have split from
the vertebrate lineage prior to the evolution of the lens
and the associated co-option of crystallin genes into
the visual system. A search of the genome [8] of C. intes-
tinalis for βγ-crystallin-like sequences identified one
gene coding for a single domain protein with homology
to vertebrate βγ-crystallins (for full details of methods,
please see the Supplemental Data available with this
article online). We name this gene Ci-bg-crystallin. Sim-
ilar searches of the genome of the related urochordate,
Ciona savignyi, also identified only one homologous
gene (http://www.broad.mit.edu/). Sequence identity of
the Ciona bg-crystallins with vertebrate bg-crystallins
was relatively low, and hence to confirm their evolution-
ary relationship, we used X-ray crystallography to solve
the structure of Ci-βγ-crystallin protein. The crystal
structure of recombinant Ci-βγ-crystallin (Tables S1 and
S2) (Protein Data Bank accession codes for the coordi-
nates and structure factors are 2bv2 and r2bv2sf, re-
spectively) shows that the single domain has the stan-
dard βγ-crystallin fold, with two consecutive Greek key
motifs organized about an approximate 2-fold axis (Fig-
ures 1A and 1B). As with all solved lens βγ-crystallin
domains, it has a folded β hairpin between the first two
β strands of each Greek key motif, a tyrosine corner in
the second motif, with the sheet exchanged β strand of
the first motif shorter than in the second. Although two
molecules were found in the crystallographic asymmet-
ric unit (Table S1), they lack the approximate 2-fold
symmetrical pairing typical of vertebrate lens βγ-crys-
tallins. This is consistent with the lack of conserva-
tion of interface hydrophobic residues typical of two-
domain lens βγ-crystallins and the monomeric behavior
of purified Ci-βγ-crystallin. The Ci-βγ-crystallin domain
contains two occupied calcium binding sites that are
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1685Figure 1. The Sequence and Crystal Struc-
ture of Ci-βγ-Crystallin
(A) The ribbon diagram shows the first Greek
key motif (turquoise) pairing with the second
motif (yellow), and the two calcium ions are
shown as red spheres. The rms deviation be-
tween Ci-βγ-crystallin and a human γ-crystal-
lin D domain for main chain atoms is 1.1
Angstrom.
(B) The protein sequence, translated from
three exons of the DNA sequence from
17,637 to 18,636 in Contig 0605, is shown
with the two motifs aligned and color coded
to match the structure. The first exon se-
quence (the methionine is cleaved off in the
recombinant protein) is shown in bold. The
region encoded by first exon and that en-
coded by the third exon is underlined. The
phase of the exon/intron junction is 0 for the
first intron and 2 for the second intron. This
genomic organization, including the phases
of the exon/intron junctions, is identical to
that of the first half of the mammalian β-crys-
tallin genes.
(C) Each calcium binding site is formed from
two main chain oxygen atoms and one side
chain atom (SER OG) from the same motif
and one side chain atom (ASP OD1) from the
partner motif. In the alignment, these cal-
cium binding residues are highlighted in dark
blue and red, whereas the two residues in
each motif that bind calcium with their side
chains are also in bold. The similar backbone
and conserved side chains of each Ci-βγ-
crystallin calcium binding site are shown in
the detailed structure, with the backbone
in brown and the calcium binding regions in
green. The residues involved from the first
motif are labeled in blue and from the sec-
ond in orange. Each calcium binding site
thus requires a subset of residues from both
motifs, whereas domain paired calcium
binding sites need all the sequence-high-
lighted residues. The glutamate side chain
shown in blue comes from a symmetry-
related molecule in the lattice and contrib-
utes to the formation of the calcium bound
lattice layers (Figure S1).very similar to those observed in microbial βγ-crystallin
domains (Table S3). Each calcium binding site is built
from both motifs by virtue of the approximate 2-fold
symmetry axis, which simultaneously creates two sim-
ilar binding sites (Figure 1C). In the crystal lattice of Ci-
βγ-crystallin, the protein is bound in layers by the cal-
cium (Figure S1). Thus, Ci-βγ-crystallin shares structural
as well as sequence similarity with vertebrate βγ-crys-
tallins and, in addition, has calcium ion binding proper-
ties similar to those observed for some nonvertebrate
βγ-crystallins and the amphibian protein EDSP [9]. Sim-
ilar paired calcium binding βγ-crystallin domain se-
quences are absent from the known fish and mamma-
lian genomes.
The crystal structure of Ci-βγ-crystallin conclusively
confirms its homology to vertebrate βγ-crystallins and
allowed us to construct a structure-based sequence
alignment of βγ-crystallin domains (Figure 2A). In turn,
we were able to use this to construct a molecular phy-
logenetic tree illustrating βγ-crystallin evolution (Figure2B). The C. intestinalis sequence is basal to a clade
containing vertebrate βγ-crystallins and is related to
G. cydonium βγ-crystallin. However, the two Greek key
motifs of Ci-βγ-crystallin are encoded on separate ex-
ons, similar to the organization of vertebrate b-crystal-
lins (Figure 2B), whereas the G. cydonium gene is an
intron-less gene encoding a two-domain protein [10].
These data show that both Ci-bg-crystallin and the ver-
tebrate bg-crystallins have evolved from a single an-
cestral gene, encoding a βγ-crystallin domain, which
was present in the common ancestor of the chordates.
Analyzing the expression of relevant genes from spe-
cies spanning an evolutionary transition such as the or-
igin of the lens can allow the deduction of the molecular
basis for key evolutionary steps. To explore this, we
examined the localization of Ci-bg-crystallinmRNA and
protein in C. intestinalis embryos, larvae, and juveniles
by whole-mount in situ hybridization and immunohisto-
chemistry. C. intestinalis has a biphasic life cycle (Fig-
ure 3A). Embryos develop into a swimming larva with a
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1686Figure 2. Structure-Based Sequence Align-
ment and Phylogenetic Analysis of βγ-Crys-
tallin Sequences
(A) Structure-based sequence alignment of
Ci-βγ-crystallin and C. savignyi βγ-crystallin
with βγ-crystallin domains from a selection
of vertebrate βγ-crystallins and from micro-
bial orthologs. The A-type motif is shown
above, and B-type motif below. The second-
ary structure of Ci-βγ-crystallin is indicated
at the bottom of each motif alignment:
β-sheet strands as arrows and helices as
cylinders. Calcium binding residues are color
coded as follows: residues providing main
chain atoms are in pink, side chain atoms are
in green, and both types are in red. Numbers
at the start and end of each sequence refer
to the start and end position, respectively, of
the motif in the respective protein. Species,
gene abbreviations, and associated refer-
ences are: Geodia, Geodia cydonium βγ-
crystallin [20]; Cynops, Cynops pyrrhogaster
GEP [9]; human, Homo sapiens; protein S,
Myxococcus xanthus spore coat protein S
[21]; spherulin, spherulin 3A from Physarum
polycephalum [22]; cholera, Vibrio cholerae
[23]; Paramecium, Paramecium tetraurelia
[24]. Q8N7F1 is the TREMBL identifier for an
additional human βγ-crystallin homolog.
(B) Molecular phylogeny of βγ-crystallin do-
mains. Maximum likelihood tree based on
the structure-based sequence alignment of
Ci-βγ-crystallin with other βγ-crystallins. The
model used is JTT+I+G8. Branch lengths are
not shown because the sequences are too
distant for branch lengths to be reliable. Fig-
ures adjacent to nodes indicate percentage
bootstrap support, and only values greater
than 70% are shown. For the human β- and
γ-crystallins, the human AIM1 protein, as
well as for Ci-βγ-crystallin and the G. cydo-
nium βγ-crystallin, the gene structure of the
domain coding regions is shown schemati-
cally, in which the boxed M indicates a motif
coding region. Of the 12 βγ-crystallin-like
motif-encoding exons in the human AIM1
gene, only two are shown. Note that each
motif of Ci-βγ-crystallin is encoded by a sep-
arate exon as in the vertebrate β-crystallin
genes and the AIM1 genes [25]. In the verte-
brate γ-crystallin genes, an exon encodes
two motifs, whereas the G. cydonium βγ-
crystallin gene is intron less.dorsal neural tube and notochord embedded in a mus-
cular tail. In the larval head is a small brain that includes
a neuroectodermal sensory vesicle with two sensory
organs, the ocellus and the otolith [7], together thought
responsible for controlling larval locomotion in the
search for a suitable site for metamorphosis [11]. Once
located, the larva adheres to the substratum with
secretion from three anterior epidermal palps and sub-
sequently undergoes a radical metamorphosis during
which the majority of the brain and tail are reabsorbed.
The remaining tissues are extensively remodeled to
produce a sedentary adult. The ocellus is a ciliary-
based photoreceptor system that includes a single
pigmented cell and is considered homologous to the
vertebrate retina [3, 4]. In some urochordate larvae, in-
cluding those of C. intestinalis, three cells lie above the
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tigment cell, and because light must pass through
hem to reach the photoreceptors, these are sometimes
eferred to as lens cells [12, 13]. However, there is no
vidence that these cells are homologous to vertebrate
ens cells. Similarly, the otolith is not considered homol-
gous to the vertebrate ear [14].
The expression of Ci-bg-crystallin was found to be
ightly regulated in a cell-specific manner (Figure 3). Ci-
g-crystallin mRNA was detected in the palps of early
nd late larvae (Figures 3B and 3C) (see also http://
host.zool.kyoto-u.ac.jp/). Ci-βγ-crystallin protein was
lso detected in the palps of larvae (Figures 3D and 3E),
here the antibody stained the glandular cells and the
rotein did not appear to be secreted. Staining of Ci-
γ-crystallin in the palp cells was maintained during at-
achment and the early part of metamorphosis (Figure
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1687Figure 3. Localization of Ci-bg-Crystallin Expression in C. intesti-
nalis Larvae and Metamorphs
(A) Schematic life cycle of C. intestinalis. A planktonic embryo pro-
duces a motile larva that seeks a suitable site to settle and meta-
morphose. Initial attachment is via the anterior palps, whereas
metamorphosis involves extensive remodeling of the body, includ-
ing loss of the tail and most of the central nervous system.
(B) Recently hatched larvae, showing expression of Ci-bg-crystallin
mRNA in the palps (p).
(C) Slightly older larva than shown in (B). ot, otolith; oc, ocellus.
(D) Early larva showing localization of Ci-βγ-crystallin protein (red)
in the palps.
(E) Late larva showing localization of Ci-βγ-crystallin protein in the
palps and otolith cell.
(F) Larva immediately before settlement, showing localization of Ci-
βγ-crystallin protein in the palps and otolith cell.
(G) Metamorph shortly after the initiation of metamorphosis. The
tail has contracted (asterisk). Ci-bg-crystallin protein is located in
the former palp cells (arrow) and the otolith cell.experiment demonstrates the putative promoter con-
(H) Metamorphs in which the stalk that connects the animal to the
substrate has begun to elongate. Ci-bg-crystallin protein is still
weakly detected in the otolith cell and in the remnants of the
palps (arrow).
(I) In older metamorphs, the Ci-βγ-crystallin positive palp cells (ar-
row) begin to disperse.3G). In later metamorphosis, the staining was restricted
to a small number of scattered cells (Figures 3H and 3I).
In late larvae, we also detected Ci-βγ-crystallin in the
otolith (Figures 3E and 3F). Control preimmune serum,
from the same rabbit as the anti-Ci-βγ-crystallin anti-
body, did not label this structure. We did not observe
staining for mRNA in this cell. This was probably masked
by the pigmentation, something we (S.M.S., unpub-
lished data) and others [15] have observed for other
genes. Ci-βγ-crystallin protein in the sensory vesicle
was maintained during the early part of metamorphosis
but was not detectable toward the end of metamorpho-
sis. The two pigmented cells of the ascidian sensory
vesicle share a common developmental origin in that
they arise from a bilaterally symmetrical pair of cells in
the anterior nervous system [16]. These cells have been
shown to be initially equivalent, with the potential to
form both types of pigment cell. Which forms ocellus
and which forms otolith appears to be regulated by
Bmp and chordin signaling [17]. Additionally both ocel-
lus and otolith lineages express opsins [15]. Because
anterior photosensory structures are primitive for the
bilateria [3, 4], the parsimonious explanation is that
both ocellus and otolith evolved from such photosen-
sory structures.
Our data therefore suggest that the chordate βγ-crys-
tallin ancestor was already expressed in a cell-specific
manner in derivatives of a primitive visual system prior
to the evolution of the lens in the vertebrate lineage.
This raises the possibility that the evolution of the lens
resulted from the co-option of a pre-existing regulatory
circuit also driving the expression of the ancestor of
key structural genes, bg-crystallins, in the visual sys-
tem. An alternative explanation, however, is that βγ-
crystallin genes have been independently co-opted in
the two lineages. To test these hypotheses, we exam-
ined whether the Ci-bg-crystallin promoter region could
target expression of a heterologous reporter gene to a
vertebrate visual system. First, we identified the puta-
tive promoter region from the draft genome of C. intes-
tinalis. We then cloned this region upstream of GFP to
create Ci-βγ-crystallinPROM, electroporated this con-
struct into fertilized C. intestinalis eggs, and allowed
the resulting transgenic embryos to develop into larvae.
Transgenic animals (n = 28) showed intense GFP fluo-
rescence in the palps (Figures 4A and 4B). A number of
these transgenics also showed GFP fluorescence in the
ocellus (4/28) or the otolith (5/28), together with occa-
sional fluorescence in cells located adjacent to the
ocellus (3/28), which did not appear to include those
cells previously referred to as lens cells [12, 13]. Control
embryos electroporated with the Ci-bg-crystallin pro-
moter region cloned in reverse orientation in front of
GFP (Ci-βγ-crystallinREV) showed no fluorescence. This
Current Biology
1688Figure 4. The Ci-bg-Crystallin Upstream Region Driving Expression
of GFP in Transgenic Ciona intestinalis Larvae and Xenopus laevis
Tadpoles
(A) Larva electroporated with Ci-βγ-crystallinPROM viewed from the
lateral aspect. GFP fluorescence is visible in one palp (p, out of
focus), the otolith (ot), and in a cell adjacent to the ocellus (oc).
(B) A different larva transgenic for the same construct seen in left
lateral aspect, showing expression in one palp and in the ocellus.
The pigmented cells of the otolith and ocellus derive from the same
lineage on either side of the midline [16, 17], and consequently,
ocellus expression may reflect this shared developmental history.
(C–F) X. laevis tadpoles transgenic for Ci-βγ-crystallinPROM. In the
majority of tadpoles, expression of GFP was restricted to varying
combinations of the following tissues: brain (most prominent in
midbrain) (C and D), lens (C–E) optic nerve (D and E), and otic vesi-
cle (arrowheads in F). l, lens; nf, nonspecific fluorescence in liver
and yolk; on, optic nerve; ot, optic tectum.
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rtains the regulatory elements necessary to recapitulate
endogenous Ci-bg-crystallin expression, although it
may not contain all the elements necessary to repress
ocellus expression.
Next, we introduced Ci-βγ-crystallinPROM into Xeno-
pus laevis. In the resulting transgenic X. laevis tadpoles
(n = 24), the Ci-bg-crystallin promoter specifically di-
rected GFP expression to the developing vertebrate vi-
sual system, including the optic tectum, the optic
nerve/retinal ganglion cells, and the lens (67%, 46%,
and 54% of animals, respectively) (Figures 4C–4F).
Faint expression was also occasionally seen in the otic
vesicle and nasal epithelium (20% and 25% of animals,
respectively). X. laevis embryos transgenic for control
constructs, including Ci-βγ-crystallinREV and one de-
rived from the C. intestinalis Brachyury promoter [18]
linked to GFP, did not show similar visual-system-spe-
cific expression (data not shown). This experiment con-
firms that the regulatory circuitry driving bg-crystallin
gene expression in the visual system is conserved be-
tween C. intestinalis and X. laevis. Vertebrate eyes have
t
t
c
l
a
O
R
l
s
c
R
R
A
P
Rbinary origin, with the retina, optic nerve, and optic
ectum arising from the central nervous system, whereas
he lens arises from an ectodermal placode. Notably,
he Ci-bg-crystallin promoter targets expression to
oth lens (where vertebrate βγ-crystallins are primarily
xpressed) and neural components. This indicates the
i-bg-crystallin promoter is probably recognizing a visual-
ystem-wide regulatory cue not a lens-specific cue. A de-
ree of higher-level regulatory similarity between eyes in
ifferent taxa, including the vertebrate lens and neural
isual system, has been previously recognized [19]. We
peculate that such conserved transcription factors
ay be responsible for the observed pattern of Ci-bg-
rystallin promoter activation.
Our study demonstrates that the vertebrate bg-crys-
allin genes have evolved from a single ancestral gene
resent in the common ancestor of the chordates and
hat this gene also gave rise to the single bg-crystallin
rtholog in C. intestinalis. Although our data do not ex-
lude the possibility that the lens itself evolved earlier
han currently thought and has degenerated in modern
rochordates, there is no evidence to support this view.
ence, we propose that this ancestral gene was al-
eady expressed in the neurectodermal visual system
rior to the evolution of the lens and that its regulation
as conserved during the evolution of the ectodermal
ens. We therefore conclude that the evolution of the
ens did not derive from a new association between a
isual system regulatory circuit and co-opted lens
tructural genes but from the reuse of a pre-existing
egulatory interaction linking these components in the
entral nervous system of a primitive chordate.
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